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The carrier transport in strain-induced laterally ordered ͑InP͒ 2 /͑GaP͒ 2 quantum wire ͑QWR͒ samples was examined with a noncontact Haynes-Shockley diffusion measurement which utilized time-resolved scanning cathodoluminescence. An anisotropy in ambipolar diffusion along the ͓110͔ and ͓110͔ directions ͑perpendicular and parallel to the QWRs, respectively͒ was observed. The temperature dependence of this anisotropy was measured, revealing that carrier diffusion along the QWR direction is thermally activated. © 1998 American Institute of Physics.
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Low-dimensional semiconductor structures have drawn a great deal of attention, as the spike-like density of states can lead to improved laser performance.
1,2 Among the many varied approaches for fabricating III-V quantum wires ͑QWRs͒ and dots, recent work involving the spontaneous phase separation of III-V alloys is emerging as a viable route towards achieving high density optically active nanostructures. In particular, a lateral phase separation occurs spontaneously when ͑GaP͒ n /͑InP͒ n and ͑GaAs͒ n /(InAs n ) short-period superlattices are grown on GaAs͑001͒ and InP͑001͒, respectively, a process that is referred to as straininduced lateral ordering ͑SILO͒. 3 Recently, QWR arrays have been fabricated by the SILO process during the growth of ͑InP͒ 2 /͑GaP͒ 2 bilayer superlattices. [3] [4] [5] [6] [7] Transmission electron microscopy ͑TEM͒ and energy dispersive x-ray spectroscopy revealed a lateral modulation of the In and Ga compositions, by as much as ϳ30% along the preferred ͓110͔ direction, with a modulation period ranging from 100 to 800 Å. [3] [4] [5] [6] [7] The optical polarization anisotropy and carrier relaxation dynamics have been examined and exhibit a QWR behavior. [3] [4] [5] [6] Recently, a large transport anisotropy in GaInP 2 alloys exhibiting CuPt-type ordering has been observed with respect to the in-plane ͗110͘ directions, owing to carrier scattering at domain boundaries. 8 Thus, a study of the anisotropy of carrier transport in SILO QWRs is also essential in enhancing our understanding of the microstructure and electronic properties of phase-separated materials. [9] [10] [11] [12] [13] In this letter, we utilize a new combination of timeresolved cathodoluminescence ͑CL͒ and noncontact Haynes-Shockley diffusion measurements to investigate the carrier diffusion in the ͗110͘ lateral directions with a mask method. 14, 15 This method involves patterning samples with a thin metallic mask that allows for penetration of the scanning electron probe but restricts the collection of luminescence emitted from carrier recombination. The flexibility of this CL approach enables an all optical transport measurement to be performed in systems where ohmic contact metallization could prove to be difficult, such as in nanostructures. We have determined the thermal activation energy for the carrier diffusion coefficient along the QWRs. These transport properties are further related to the size-shape morphology of the SILO QWRs, which have previously been examined with TEM. 3, 4 Bilayer superlattices ͑BSLs͒ of ͑InP͒ 2 /͑GaP͒ 2 were grown on a 3000-Å-thick In 0.49 Ga 0.51 P buffer layer, which is lattice matched to the underlying GaAs͑001͒ substrate. Details of the gas source molecular beam epitaxial ͑MBE͒ growth system and the BSL growth procedures have been previously reported. 3, 4 Two samples were grown for this study and labeled as 2067 and 2339. Each sample consists of four ͑InP͒ 2 /͑GaP͒ 2 BSL regions each separated by 180-Å-thick In 0.49 Ga 0.51 P barriers and is capped with a 300-Å-thick AlInP layer. Each of the four ͑InP͒ 2 /͑GaP͒ 2 BSL regions are ϳ147 and ϳ102 Å thick for samples 2067 and 2339, respectively. The rate of the BSL growths was ϳ1 ML/s. The lateral composition modulation in the bilayer structure occurred during the gas source MBE growth, and the modulation direction is along the ͓110͔ direction. The composition of In varies from ϳ0.33 in the Ga-rich region to ϳ0.67 in the In-rich region, with periods of ϳ125 and ϳ100 Å for sample 2067 and 2339, respectively. [5] [6] [7] Therefore, quantum wires arrays were formed with cross-sectional areas of ϳ147 Åϫ63 Å and ϳ102 Åϫ50 Å with a 2D quantum confinement in the growth and lateral ordering directions.
The ambipolar diffusion lengths were measured using the mask method which has been described previously. 15, 16 The BSL samples were coated with a 500-Å-thick Al mask having a square lateral size of 200ϫ200 m. The edge of the square mask is aligned with the ͗110͘ directions. A 15 keV electron beam was used to generate excess carriers below the mask and luminescence from carriers which diffused beyond the edge of the mask was detected, as schematically shown in Fig. 1 . The carrier diffusion length is obtained by fitting the collected CL intensity as a function of distance away from the edge into a simple one-dimensional diffusion model discussed below.
The time-resolved CL experiments were performed usa͒ Author to whom correspondence should be addressed. Electronic mail: danrich@almaak.usc.edu ing the method of delayed coincidence in an inverted single photon counting mode, with a time resolution of ϳ100 ps. 17 Electron beam pulses of 50 ns width with a 1 MHz repetition rate were used to excite the sample. The luminescence signal was dispersed by a 1/4 m monochromator and detected by a cooled GaAs:Cs photomultiplier tube ͑PMT͒. Previous studies have shown that a one-dimensional model is sufficiently accurate for determining the carrier diffusion parameters using the mask method. 15 Carrier diffusion and recombination can be described by the following equation:
where is the carrier recombination lifetime, R(x,t) is the carrier generation rate, and D is the ambipolar diffusion coefficient. In our time-resolved system, the electron beam pulse is chosen long enough so that carrier diffusion and recombination reaches a steady state near the middle of the excitation pulse, ͑i.e., ‫ץ‬n/‫ץ‬tϭ0). In a steady state condition, the carrier concentration n(x) is just the exponential decay over the distance. The luminescence intensity, I, is proportional to the carrier concentration for the low excitation conditions employed here. 15 The collected CL signal is an integration of diffused carrier concentration beyond the edge of the mask. Therefore, in the steady state, the dependence of CL intensity on the distance is
where x is the position of the e-beam relative to the mask edge, I 0 is the CL intensity with the e-beam positioned at the edge of the mask ͑xϭ0͒, and L D is the diffusion length (L D ϭͱD ). Further, for transient solutions, Eq. ͑1͒ can be solved with the Green's function method by using the steady state as the initial condition. We obtain the excess carrier concentration n(x,t) and the collected CL intensity I(x,t) as the following:
In a previous CL study of these two samples, we observed two luminescence features from the QWR region in sample 2067 while only one luminescence peak originates from the QWR in sample 2339. 7 In this study, CL line scans were taken along both ͓110͔ and ͓110͔ directions for various temperatures. The wavelength of emissions detected during the CL line scans corresponded to the peak position of the QWR emission, which varied with temperature. The diffusion lengths were obtained by fitting the data with Eq. ͑2͒, as shown in Fig. 2 for various temperatures. It is evident that diffusion is enhanced in the ͓110͔ direction ͑i.e., the direction of the QWRs͒ with respect to the ͓110͔ direction, and the anisotropy increases as the temperature increases. A large transport anisotropy in selectively grown GaAs/AlGaAs QWRs has also been reported by Nagamune et al. who, using a micro-photoluminescence ͑PL͒ measurement, obtained a maximum diffusion length of ϳ4 m. 18 Such an anisotropy was believed to be caused by the 1D character of the QWRs. We calculate that the electron and hole effective barrier heights, E BC and E BV , 19 for carrier re-emission out of the SILO QWRs are 160 and 66 meV for sample 2067 and 95 and 53 meV for sample 2339, respectively. Thus, the band edge variations along the ͓110͔ direction acts as a barrier to carrier transport for Tр300 K once the carriers have rapidly thermalized down to the ground state QWR levels. Carrier diffusion along this direction in the QWRs will be affected minimally by the tunneling of electrons and holes, compared to the relatively large lateral ambipolar diffusion length in bulk semiconductors or quantum wells ͑QWs͒. We found that diffusion along the ͓110͔ direction is almost independent of temperature with L D ϳ0.2 m, which is the approximate spatial resolution in this experiment.
On the other hand, in the ͓110͔ QWR direction, carrier diffusion is affected by the defect scattering, interface fluctuations, the finite wire length, and nonradiative recombination channels in the QWRs. As temperature increases from 87 to 300 K, the carrier diffusion length measured along the QWR direction increases from 0.2 to 1.2 m for sample 2067 and increases from 0.2 to 0.7 m for sample 2339. The estimated thermal activation energies are 27.1 and 11.9 meV for samples 2067 and 2339.
In order to measure the lifetime and diffusion length simultaneously, we combine the diffusion measurement with the time-resolved technique in an all optical HaynesShockley diffusion measurement. A series of CL transients were acquired with the electron beam positioned along a line perpendicular to the edge of the Al mask. The electron beam was scanned over a distance 3 m with increments of 0.2 m so that the CL intensity, I CL (x,t), is obtained as a function of position x and time t. The integration of Eq. ͑4͒ can be expressed in an analytical form composed of three complimentary error-function ͑erfc͒ terms. The data and the fits to Eq. ͑4͒ are shown as a function of time for different e-beam positions in Fig. 3 . The results of the fits are shown in Table I for a measurement at Tϭ87 K. The diffusion lengths are consistent with those obtained using the steadystate approach described above. An anisotropy in L D is again observed. The diffusion coefficients along the QWR are very low compared to those reported in GaAs QWRs and QWs. 16 We attribute this to the short segment length of the SILO QWRs. Plan-view TEM has shown that the SILO process results in wavy QWRs with segment lengths of ϳ0.1-0.5 m.
3,5 Carrier diffusion may be limited by kinks and bends in the wires which create potential fluctuations that impede the transport. Given the small wire length, carrier hopping between adjacent wires may occur. These effects are certainly expected to be temperature dependent, as small potential barriers can be surmounted by thermal activation as evidenced by the enhanced diffusivity for TϾϳ140 K. The large carrier lifetimes listed in Table I are consistent with the good optical quality observed in CL spectroscopy, and thus the nonradiative recombination rates are low in spite of the morphology-limited transport.
In conclusion, we examined the temperature-dependent anisotropic carrier diffusion in SILO ͑InP͒ 2 /͑GaP͒ 2 QWRs using a mask method in CL. The diffusion length along the direction perpendicular to quantum wires shows no significant change with varying temperature while the diffusion length along the quantum wires increases markedly as the temperature increases. A noncontact Haynes-Shockley diffusion measurement, using time-resolved CL, was employed to determine simultaneously the recombination lifetime and ambipolar diffusion coefficient. The resulting diffusivity is very low, indicating that substantial morphological limitations exist for 1D transport in SILO QWRs, in spite of their good optical activity.
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QWR are calculated as E BC ϭ⌬E C ϪE el and E BV ϭ⌬E V ϪE hhl , where ⌬E C and ⌬E V are the conduction and valence band offsets between the In-rich wire and Ga-rich barrier, and E el and E hhl denote the calculated first electron and heavy-hole subband energy in the QWRs. See Refs. 6 and 7 for further details of this calculation. 
